Abbreviations: E.coli, Escherichia coli; scFv, single-chain Fv antibody fragment; ELISA, enzyme-linked immunosorbent assay; G M1 , monoganglioside-G M1 (Gal -3GalNac 1-(neu5Ac 2-3)-4Gal 1-4Glc 1-cer); Etx, heatlabile enterotoxin; EtxB 5 , heat-labile enterotoxin B pentamer; EtxB 1 , heat-labile enterotoxin B subunit monomer; Ctx, cholera toxin; mAb, monoclonal antibody; SDS-PAGE, sodium dodecylsulphate polyacrylamide gel electrophoresis; CDR, complementary determining region; V H , heavy chain of an antibody; V L , light chain of an antibody; DTT, dithiotreitol; PBS, phosphate buffer saline; MBP, myelin basic protein.
2 corrected. Binding analysis showed that scFv-B1.3.9 bound in ELISA to both heat-denatured monomeric B-subunits (EtxB 1 ) and also displayed cross-reactivity towards pentameric EtxB (EtxB 5) , although there was no reactivity towards monoganglioside (G M1 ) captured EtxB 5 . Another antibody (scFv-B5.2.14) had a different reactivity profile and, in ELISA, bound only to EtxB 5 but not to EtxB 1 or to EtxB 5 captured via G M1. Surprisingly, in competition experiments, the assembled pentameric B-subunit inhibited binding of scFv-B5.2.14 to immobilized EtxB 5 only weakly, whereas reduced, but not oxidized, monomeric EtxB 1 was an efficient competitor. These results clearly demonstrate that B1.3.9 and B5.2.14 have different specificities for cryptic epitopes not accessible in the fully assembled G M1 bound pentameric form of EtxB.
Taken together our results show that we were able to successfully isolate and characterize recombinant scFvs that differentially recognize diverse denatured forms or assembly intermediates of the heat-labile enterotoxin B subunit of E. coli.
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EtxB, epitope, protein assembly, differential recognition, phage display, recombinant antibodies, scFvs Heat-labile enterotoxin (Etx) produced by certain strains of E. coli is a major virulence factor related to cholera toxin (Ctx) produced by Vibrio cholera and results in diarrhoeal disease in humans and animals Echeverria et al., 1985) .
Heat-labile enterotoxin consists of 5 identical Bsubunits (Mr = 12,000), which in vivo naturally assemble into a stable pentameric structure with an A-subunit (Mr = 28,000), which has ADP-ribosyl transferase activity (Holmgren et al., 1975; Fishman et al., 1978; Fishman et al., 1980) . The Bsubunit pentamer of Etx (EtxB 5 ) specifically recognizes, and has a high affinity for, the oligosaccharide portion of G M1 on the surface of intestinal cells and acts to deliver the A-subunit 3 where it catalyses ADP-ribosylation of the signal transduction protein G s -α. By effectively blocking deactivation of G s -α intracellular levels of cAMP rise, leading to fluid and Cl -loss from the cells and thus severe diarrhoea (Kuziemko et al., 1996; Turnbull et al., 2004) .
In addition to their roles as mediators of diarrhoeal disease, Etx and Ctx have long been known to be potent mucosal immunogens and, when co-administered with other antigens, can
give rise to strong tolerogenic responses (Weiner, 1997) . In addition, it has been shown that recombinant preparations of EtxB 5 affect immunoregulatory processes and lead to the suppression of inflammatory responses (Shevach, 2000) . The enterotoxins Etx and Ctx are highly related showing 80% sequence identity and stimulate strong mucosal immunity both to themselves and to co-administered antigens (Yamamoto et al., 1987; Wilson et al., 1991; Takahashi et al., 1996) . The ability of EtxB and CtxB to enhance T H2 and suppress T H1
inflammatory responses in an antigen-specific manner has been subject to intensive research, particularly in relation to the treatment of autoimmune disease Sobel et al., 1998; Luross et al., 2002) . It was initially thought that the adjuvant properties of EtxB were dependent on receptor binding activity as a nonbinding point mutant of EtxB (G33D), lost all immunomodulatory activity. However, the CtxB mutant, CtxB (H57A) was shown to retain the ability to bind to G M1 but was unable to act as an immunomodulator (Truitt et al., 1998; Aman et al., 2001; Fraser et al., 2003) . It is now theorized that structural alterations in CtxB (H57A), while not preventing binding to G M1 , may preclude interactions with additional co-receptors required for signaling (Fraser et al., 2003) .
Therefore, ganglioside recognition alone, while necessary to achieve high-affinity binding to cell surfaces, may not be sufficient to mediate the immunomodulatory effects of the B subunits.
Previously we reported on the generation and characterization of mAbs specific for EtxB 5 (LDS16) and EtxB 1 (LDS47) and showed that 4 these could be used to study pentamer assembly in vitro and this has led us to propose a model describing the processes of pentamer assembly (Lesieur, 2002) . However, investigating in vivo toxin assembly and transport to the periplasmic space using mAb probes is not possible using conventional monoclonal antibodies. In this study
we have selected scFvs that specifically react with intermediate forms of EtxB with the potential to be used to study pentamer assembly in vivo.
EXPERIMENTAL PROCEDURES
Phage display library and phage rescueAntibodies against different forms of EtxB were selected from the semi-synthetic scFv phage display library (a generous gift from Dr. Andrew
Griffiths, MRC, Cambridge, UK). The V H and V L regions were re-cloned from the lox library vectors into the phagemid pHEN2 (Griffiths et al., 1994) where the recombinant scFv genes are flanked by SfiI and NotI sites. Rescue of the library was performed as recommended (Griffiths et al., 1994) .
Briefly, 10 10 CFU of the Griffin.1 library in bacterial strain TG1 were inoculated into 2xTY medium containing 100 µg/ml ampicillin and 1%
glucose. Cells were incubated at 37°C until the OD 600 reached 0.5. Then 25 ml of this culture was infected with 10 10 PFU of VCS-M13 helper phage and incubated for 30 min at 37°C. The infected cells were collected by centrifugation for 10 min at 2,500 g and resuspended in 300 ml of 2xTY
containing 100 µg/ml ampicillin and 25 µg/ml kanamycin. Subsequently, the bacteria were cultured overnight at 37°C with slow rotation (200 rpm). After centrifugation for 30 min at 2,500 g the supernatant was collected and phages were precipitated twice with 20% polyethylene glycol 6,000 and 2.5 M NaCl. The phage pellet was resuspended in PBS to a final titer of 10 12-13 PFU/ml. were then pooled and serial dilutions were plated on TYE containing 100 µg/ml ampicillin and 1% glucose for titer determination. The remaining culture was centrifuged at 3,300 g for 10 minutes
and resuspended in 1ml of 2xTY and plated on a large Nunc Bio-Assay dish of TYE containing 100 µg/ml ampicillin and 1 % glucose. After overnight incubation at 30°C, 5-6 ml of 2xTY and 15% glycerol was added to the Bio-Assay dish and the cells were suspended with a glass spreader.
The bacteria were then incubated in 2xTY medium containing ampicillin (100 µg/ml) and 1% glucose at 37 C with shaking until the OD 600 reached 0.5. containing 100 µg/ml ampicillin, 1% glucose and 10 9 PFU VCS-M13 helper phage was added to each well. After 90 min incubation at 37°C the plate was spun at (10 min at 1,800 g), the pellet was resuspended in 200 µl 2xTY containing 100 µg/ml ampicillin and 50 µg/ml kanamycin and incubated overnight at 30 C with shaking. The plate was spun (10 min at 1,800 g) and 100 µl of the supernatant was used in phage-ELISA.
Enzyme-linked immunosorbent assays -
The production and purification of recombinant pentameric B-subunit (EtxB 5 ) has been described previously (Amin et al., 1995) .. For the G M1 -EtxB Structural analysis -The variable regions of B1.3.9 and B5.2.14 were sequenced and their deduced amino-acid sequences were analyzed by aligning them to the human germline sequences (http://imgt.cines.fr/).
The complementary determining regions were assigned according to Chothia (Chothia et al., 1992) . 3D models of the scFvs were generated by homology-based modeling using the SWISS-model and WAM (Chothia et al., 1992) . Graphic representations of the 3D molecular features were generated with the Swiss-PdbViewer v3.7 software package (Guex et al., 1997) using previously published structures of CtxB 5 (Merritt et al., 1997) and EtxB 5 (Sixma et al., 1992) . Electrostatic molecular surface potentials were generated using the eF-site The cultures were further incubated overnight at 30°C and the culture supernatants containing the secreted scFvs were collected by centrifugation at 3,000 rpm for 15 min for subsequent analysis.
Periplasmic extracts were prepared by resuspending the bacterial pellet in 10 ml of icecold PBS, pH 7.2 containing polymyxi B sulphate
(1,000 units/ml) and incubated on ice for 15 min.
Samples were centrifuged for 10 min at 4 C at 3,000 rpm and 100 µl of the supernatants were used for ELISA.
SDS-polyacrylamide Gel Electrophoresis and
Western blot-
and boiled/reduced (in 30mM dithiothreitol) were loaded into SDS-polyacrylamide 14% (w/v) gels for electrophoresis on a Bio-Rad Protean II system.
After SDS-PAGE, gels were transferred to nitrocellulose paper with transfer buffer in a Bio- showed consistent reactivity in ELISA ( Figure   2A ). In terms of specificity B1.3.9 also showed reactivity against EtxB 5 coated directly to plastic (Figure 2A ). However, following transfection of the phagemid into permissive HB2151 bacterial cells, no soluble scFv was present ( Figure 2B) (summarized in Table 1 ). This is discussed later in relation to the sequence analysis.
Two of the 4 phagemid colonies expanded in TG1 cells from the selected EtxB 5 panning showed consistent results in ELISA ( Figure 2A) and both B5.2.11 and B5.2.14 both gave a higher ELISA signal for EtxB 5 over EtxB 1 . However, only the EtxB 5 specific scFv (B5.2.14) was secreted following transfection into HB2151 cells ( Figure   2B ).
Sequence analysis of B.1.3.9 and B5.2.14 scFv -The inserts of scFvs that were specific for EtxB 1 or EtxB 5 (B1.3.9 and B5.2.14) were sequenced to assess their germline alignment specificities compared to the published V-BASE directory. The phage display library was generated from human VH, Vλ and Vκ germline exons and its generation and composition has been described and analyzed in great detail Nissim et al., 1994) . A detailed comparison with the identified scFv-clones was therefore done to identify unusual sequence features or artifacts that may have been acquired during the course of the experiments. We therefore determined the DNA sequences of scFv-B1.3.9 and scFv-B5.2.14 ( Figure 3 ) and identified the corresponding germline exons. (Nissim et al., 1994) . This suggests that these mutations have likely resulted from the initial generation of the recombinant antibody genes and were not acquired during panning and selection.
The VL of scFv-B1.3.9 belongs to the Vλ- We then used a recently described, wellcharacterized conformation specific monoclonal antibody for comparison to B5.2.14 (Chung et al., 2006) . LDS16 is a neotope-specific monoclonal antibody that binds to directly coated as well as to G M1 -ganglioside captured EtxB 5 and does not recognize EtxB 1 . As in our previous study we looked at the specificity of the antibodies by concentration dependent inhibition assays ( Figure   5 ). As we described previously LDS16 binding to coated EtxB 5 was inhibited in the presence of soluble EtxB 5 . However, while B5.2.14 binding was partially inhibited, this only reached a maximum level of 10% ( Figure 5A Figure 5C ), while there was a marked contrast in the results obtained by using boiled and reduced EtxB 5 ( Figure 5D ). Here, EtxB 1 (DTT) markedly inhibited the binding of B5.2.14 to EtxB 5 coated plates while, as shown previously, LDS16 binding was unaffected. This was confirmed using western blotting, which showed that B5.2.14 only reacted with DTT reduced EtxB 5 , and not with boiled EtxB 5 ( Figure 5E ).
These results serve to illustrate the rather subtle but distinctive differences of the binding specificities between these two recombinant antibodies.
DISCUSSION
Here we have reported the successful isolation of scFvs against EtxB by phage display.
As in previous studies with conventional mAbs (Chung et al., 2006) we have set out to define individual scFvs that can differentiate between different forms of EtxB.
We and others have previously used a combination of ELISA and SDS-PAGE to study the kinetics of both EtxB and CtxB assembly (Ruddock et al., 1995) . In later experiments we used a combination of these techniques and tryptophane fluorescent spectroscopy to elucidate a kinetic model of how toxin assembly in vitro may take place (Lesieur et al., 2002) . It was shown that assembly of CtxB 5 occurs via ordered formation of oligomeric species and that they can equally go through two alternative pathways to form the fully .
Our studies using conventional mAbs have identified epitopes potentially important for investigating pentameric subunit assembly but these have limitations for use in studying assembly in vivo (Chung et al., 2006) . The specificity of B1.3.9 c is, in fact, strongly reminiscent of the conventional mAb LDS47
against an N-terminal region of EtxB 1 ( Figure 6A) that we previously described which also bound to directly coated EtxB 5 (Amin et al., 1995) .
The fine specificity of B5.2.14 was investigated using competition ELISA assays with the conventional mAb LDS16 as a comparison epitope not normally accessible in the fully folded conformation (Lesieur et al., 2002) . Similar conclusions have been drawn from studies with the β2 subunit of E. coli tryptophan synthase (Friguet et al., 1984) . Secondly, although, as we showed earlier ( Figure 2B ), there was no binding in ELISA of scFv-B5.2.14 to denatured (boiled) EtxB 1 , in Figure 5D we clearly show that DTT reduced/denatured EtxB 1 strongly inhibits binding to EtxB 5 . These results were confirmed by western blotting, which not only gave an appropriate band (Mr = 12,000) for the denatured/boiled EtxB but also gave a faint band (Mr = 43,000) consistent with EtxB 5 ( Figure 5E ). Thus, this is almost certainly a conformation dependent epitope (cryptotope) probably of a folding intermediate structure ( Figure 6A ) and could be an ideal target for studying pentamer formation in situ. It would be interesting to repeat these inhibition experiments with B1.3.9 c to look at its finer specificity.
In conclusion, this paper reports the partially inhibits re-assembly (Chung et al 2006) . The epitope of mAb LDS47 has been mapped to the Nterminal residues involving Cys 9 (red and orange), but binding is independent of the redox-state. In contrast, scFv-B5.2.14 recognizes a different form and only binds to heat-denatured and reduced EtxB.
ScFv-B1.3.9 recognizes a cryptotope that is not accessible in the assembled pentamer but becomes exposed after heat-denaturation. Similarly to LDS47 but contrary to scFv-B5.2.14, reduction of the disulfide-bridge is not a required for binding. , Glu 79 and the C-terminus. Both scFv-B1.3.9 (C) and scFv-B5.2.14 (D) have high theoretical iso-electric points of 9.8 and 9.6 respectively.
The surfaces potentials were mapped onto homology-modelled structures and are viewed from the top, looking down at the paratope. The antigen-binding site of scFvB1.3.9 is highly positively charged, suggesting binding to a negatively charged region.
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